We report the time-resolved recombination of photodissociated IBr − ͑CO 2 ͒ n ͑n =5-10͒ clusters following excitation to the dissociative IBr − AЈ 2 ⌸ 1/2 state of the chromophore via a 180 fs, 795 nm laser pulse. Dissociation from the AЈ state of the bare anion results in I − and Br products. Upon solvation with CO 2 , the IBr − chromophore regains near-IR absorption only after recombination and vibrational relaxation on the ground electronic state. The recombination time was determined by using a delayed femtosecond probe laser, at the same wavelength as the pump, and detecting ionic photoproducts of the recombined IBr − cluster ions. In sharp contrast to previous studies involving solvated I 2 − , the observed recombination times for IBr − ͑CO 2 ͒ n increase dramatically with increasing cluster size, from 12 ps for n = 5 to 900 ps for n = 8 , 10. The nanosecond recombination times are especially surprising in that the overall recombination probability for these cluster ions is unity. Over the range of 5-10 solvent molecules, calculations show that the solvent is very asymmetrically distributed, localized around the Br end of the IBr − chromophore. It is proposed that this asymmetric solvation delays the recombination of the dissociating IBr − , in part through a solvent-induced well in the AЈ state that ͑for n =8,10͒ traps the evolving complex. Extensive electronic structure calculations and nonadiabatic molecular dynamics simulations provide a framework to understand this unexpected behavior.
I. INTRODUCTION
The effects of solvation on the course of chemical reactions have long been the subject of major theoretical and experimental interest. However, detailed studies and fundamental understanding of these effects are often hindered by the complexity of the problem that involves large numbers of interacting species along with rapid changes in their configurations.
An alternative approach to gain insight on the nature of these interactions is to look at a simplified problem with a known number of solvent molecules, using gas phase cluster ions. Using supersonic expansion for cluster formation allows one to cluster ions at low temperatures and, therefore, with better-defined initial configurations. In addition, the use of charged clusters makes it easy to select the precursor as well as detect products using simple mass-spectrometry methods. By varying the cluster size, one can balance the feasibility of the problem with the degree of detail to be extracted. The utilization of anions as a tool to probe chemical dynamics is extensively discussed by Neumark 1 in this issue.
Although it may seem surprising that a small cluster can serve as an adequate prototype of a much larger condensedphase system, it has been demonstrated that certain solventinduced phenomena require very few solvent molecules to occur. Examples of such phenomena are the "cage" effect and the solvent-induced recombination, which in some cases can be observed with as few as only one solvent molecule present. 25, 26 This paper continues an extensive experimental study of dihalide ion clusters XY − L n ͑X , Y =I,Br, Cl; L =CO 2 , OCS,Ar͒ that display the profound effects of the solvent on the dissociation dynamics of the XY − core. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] In the present work we investigate dependence of the rate of solventinduced recombination in size-selected IBr − ͑CO 2 ͒ n , n =5-10 clusters excited to the AЈ 2 ⌸ 1/2 state of the IBr − chromophore, as a function of number of solvent molecules. The investigation encompasses a range of solvation where the recombination has been shown to be nearly complete 38 and where past experience 35, 37, 39, 40 indicates the likelihood both of very rapid recombination rates and of rates that increase with increasing solvation. Potential energy curves of the unsolvated IBr − anion are shown in Fig. 1 38 Such a drastic discrepancy must reflect a fundamental difference between IBr − ͑CO 2 ͒ n and I 2 − ͑CO 2 ͒ n . In order to help understand this difference, we have carried out a more thorough experimental measurement of recombination times for a number of IBr − ͑CO 2 ͒ n clusters. When complemented by extensive calculations, 41 these experiments provide the likely explanation for the anomalous recombination of IBr − ͑CO 2 ͒ n as arising from a solvent-induced trap on the IBr − AЈ 2 ⌸ 1/2 surface, a trap that arises from the solvent asymmetry and is deepest for 5-10 CO 2 solvent molecules.
The paper is organized as follows. Section II briefly describes the experimental setup, explains the technique used to determine the recombination times, and outlines the theoretical methods used in determining minimum-energy structures, radial potential energy surfaces ͑PESs͒, and molecular dynamics simulations. Section III shows experimental results and their analysis. These results are explained in Sec. IV using a physical picture that is based on the results of ab initio calculations and compared to the molecular dynamics simulations. Section V summarizes our experimental findings and suggested explanations.
II. EXPERIMENTAL AND THEORETICAL METHODOLOGY

A. Experimental apparatus overview
The experimental apparatus has been described in detail elsewhere, 42 and only a brief description will be given here. The IBr − ͑CO 2 ͒ n cluster ions are formed 43 in a supersonic expansion of a gas mixture obtained by passing 2 -3 atm of CO 2 through a glass reservoir containing crystals of IBr ͑Al-drich, 98% purity͒ at room temperature. The time required to passivate the supply gas line was reduced from a week 38 to less than a day by replacing stainless steel lines with Teflon tubing. 44 The mixture enters a source chamber through the 0.8 mm diameter nozzle of a General Valve operating at 100 Hz repetition rate and is immediately intersected by a 300 A, 1 keV electron beam. Attachment of slow secondary electrons produces IBr − , from which IBr − ͑CO 2 ͒ n clusters grow via ion-neutral collisions. Based on prior modeling of the expansion conditions, 45, 46 we estimate the resultant cluster ion internal energy to correspond to a temperature of 40-70 K.
After drifting for 20 cm in the expansion, a pulsed electric potential perpendicular to the expansion extracts the ions into a Wiley-McLaren time-of-flight ͑TOF͒ mass spectrometer, where they are further accelerated to 2.5 keV and steered into the interaction region, at which point the ion packet is intersected with a collimated pump and delayed probe laser beam with the same wavelength, 797 nm. Secondary mass selection of the ionic photoproducts is performed by a reflectron-type mass spectrometer. Variation of the reflectron voltage allows transmission of either the parent anionic clusters or charged dissociation products.
B. Laser system
The femtosecond laser pulses are generated by a system that consists of a Coherent Mira 900-B Ti:sapphire oscillator pumped by Coherent Verdi V5 Nd: YVO 4 solid state laser combined with a Quantronix Titan regenerative/multipass Ti:sapphire amplifier pumped by a Quantronix 527 Nd:YLF laser. The output of the amplifier ͑797 nm, ϳ180 fs, 3 mJ/pulse͒ is split into two beams: ϳ60% of the initial energy is used to excite the parent cluster ͑pump͒, while ϳ40% is used to detect the products ͑probe͒. The polarizations of the pump and probe beams are parallel.
The optical path of the pump beam contains a computercontrolled, precision variable delay stage that allows variation of the pump-probe pulse delay over 800 ps, with a time resolution of ϳ100 fs. The required longer delay times are accomplished by means of a manually adjusted delay in the probe beam path, allowing adjustable delays of up to 3.5 ns with a precision of ϳ20 ps.
C. Measurements of the recombination dynamics
The methodology used to determine the recombination dynamics of IBr − ͑CO 2 ͒ n clusters after excitation to the AЈ 2 ⌸ 1/2 state is based on the fact that the dissociated IBr − chromophore regains near-IR absorption only after recombination and substantial vibrational relaxation on the ground electronic surface. Previous studies of IBr − ͑CO 2 ͒ n AЈ 2 ⌸ 1/2 photofragmentation 38 demonstrated that, for clusters with n ജ 5, the recombination efficiency exceeds 90% and is 100% for n ജ 8. The energy released in the process of bond reformation results in evaporation of 4-6 CO 2 molecules, in accordance with the solvent binding energetics. 38 Therefore, absorption of another photon at the same wavelength by these smaller clusters leads to the formation of distinct secondary products. In order to follow the recombination process, the number of these secondary product ions is monitored as a function of the pump-probe delay time to follow the recombination process. There are considerable background signals present at delay times corresponding to small recombination signals, and these contributions were accounted for by data acquisition sequences that have been previously described in detail. The expected distribution of pump-probe product ions was obtained from sequential application of the measured 38,47 distribution of one-photon ionic photoproducts and is summarized in Table I . The observed secondary product branching ratios differ only slightly from the ratios reported in Table I . This, however, should be expected, since the one-photon products used to estimate the two-photon ratios were obtained at cluster temperatures of 40-70 K. 47 While parent clusters in our experiments are expected to have similar temperatures, the internal energy of the recombined products may be substantially higher leading to variation in the number of solvent molecules evaporated. As the product ions are mass selected, it is possible to obtain potentially different recombination signals from each secondary product ion, as has previously been observed. 37 In the present studies, the time dependence of several different secondary products arising from a single parent ion was investigated, and no substantial differences were detected. Consequently, the time-dependent data for each parent ion reported in the next section arise from the sum of those most intense secondary two-photon products that are shown in boldface in Table I .
D. Theoretical methods
The IBr − potential energy surface and associated electronic properties needed for the molecular dynamics ͑MD͒ simulations were obtained using MOLPRO 2002.6. 48 The energy-consistent effective core potential ͑ECP͒ of the Stuttgart-Bonn group 49 was used; specifically, we employed large-core MDF ECPs based upon multi-configuration DiracHartree-Fock calculations of the neutral atom. This potential also includes a core polarization potential that models the charge-induced dipole interaction of the core. The basis sets used are an augmented form ͑7s7p3d2f͒ / ͓5s5p3d2f͔ of the stock ͑6s6p͒ / ͓4s4p͔ basis sets included with the ECPnMDF ECPs. 49, 50 These calculations used the internally-contracted multi-reference configuration interaction methods developed by Knowles and Werner. [51] [52] [53] The reference orbitals and configurations were obtained from state averaged complete active-space self-consistent field calculations 54, 55 that consisted of the 15 electrons in the lowest two ⌺, ⌸ x , and ⌸ y states that arise from the 2 P and 1 S states of the separated atomic components. A spin-orbit calculation of all six states was then performed using spin-orbit ECPs. 56 This was performed at 42 points along the PES corresponding to bond lengths ranging from 4.5 to 100a 0 .
The minimum-energy IBr − ͑CO 2 ͒ n structures were constructed by sampling 201 configurations from a 1 ns trajectory on the IBr − ͑CO 2 ͒ n ground state having an average temperature of 80 K. These configurations were then quenched to local minima using Newton-Raphson minimization. 57 A sample of the resulting minimum-energy structures for relevant numbers of solvent molecules is presented in Fig. 2 . The solvent asymmetry that leads to strong modification of the IBr − electronic states is readily seen. In order to more quantitatively investigate the effect of the solvent molecules on the IBr − potential curves ͑Fig. 1͒, the IBr − ͑CO 2 ͒ 8 minimum-energy structure was used to construct a radial cut through the IBr − ͑CO 2 ͒ 8 potential energy surface ͑Fig. 3͒ using the MD program described below. To generate the potential plot ͑Fig. 3͒, the iodine atom is "pulled" away from the minimum-energy configuration of IBr − ͑CO 2 ͒ 8 , and the energies of the six spin-orbit states are obtained as a function of the I-Br distance with the solvent fixed at initial configuration. This slice through the IBr − ͑CO 2 ͒ 8 surface can rapidly change with solvent configuration.
The MD simulations for IBr − ͑CO 2 ͒ n are based on the effective Hamiltonian method developed by Maslen et al. 58 previously applied to I 2 − ͑CO 2 ͒ n . [59] [60] [61] [62] [63] [64] Briefly, the IBr − -CO 2 interaction is based on an operator including electrostatic and induction terms for the solute and solvent. For the solute, distributed multipole analysis 65 ͑DMA͒ is performed during the ab initio calculations detailed above. More importantly, transition DMA is performed which allows for calculation of the polarization response of the solute to the solvent. The solvent charge distribution and polarization are based on a condensed-phase model. 66 The short-range dispersionrepulsion interactions are described by atom-atom LennardJones potentials based on high resolution photoelectron spectra 67 and from fits of CR-CCSD͓T͔ calculations performed in GAMESS ͑Refs. 68 and 69͒ of Br −¯C O 2 . At each time step in the simulation, the Hamiltonian is diagonalized to yield the energies, forces, and nonadiabatic transition probabilities needed for the next step. On a single state, motion is computed using the velocity Verlet algorithm, 70 while nonadiabatic transitions are performed according to a modified 60 version of Tully's surface-hopping method.
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III. RESULTS AND ANALYSIS
The only previous measurement of the recombination time in IBr − ͑CO 2 ͒ n was conducted for the n = 8 cluster. 38 Although no well-defined time dependence was recorded in that study, unambiguous evidence for recombination on a nanosecond scale was obtained. This finding was different from our expectation of rapid, picosecond-scale recombination based on studies of the similar I 2 − ͑CO 2 ͒ n system, in which the recombination times decreased from 16 to 5 ps as the cluster size increased from n =8 to n = 17. Figure 4 shows time-dependent pump/probe signal obtained from the excitation of IBr − ͑CO 2 ͒ 5 and IBr − ͑CO 2 ͒ 6 at 797 nm. It is immediately apparent that the absorption recovery time is much shorter than that previously observed for the larger IBr − ͑CO 2 ͒ 8 anion. In addition, the recovery time increases with additional solvation, in marked contrast to our previous experience. 35, 37, 40, 73 Over the 100 ps time shown in this figure, there appears to be a simple functional form to the recovery, and we could fit the data to the singleexponential form
with a high-quality fit and with no statistical indications for the necessity to include a second time constant. The resulting fits yield recovery times ͑͒ of 12± 0.5 and 30± 5 ps for IBr − ͑CO 2 ͒ 5 and IBr − ͑CO 2 ͒ 6 , respectively, and are displayed as solid lines in Fig. 4 . Unlike the previously obtained value for IBr − ͑CO 2 ͒ 8 , 38 the magnitude of these times is in qualitative agreement with those measured previously for I 2 − ͑CO 2 ͒ n recombination, 35, 37, 40, 73 although the cluster size dependence is opposite to that observed for I 2 − ͑CO 2 ͒ n . An interesting observation is emphasized in Fig. 5 ͑circle͒ showing symmetry in data due to identical pump/probe wavelengths. Coherence peak at t = 0 due to enhancement of two-photon background. Rising signal delayed by ϳ0.7 ps ͑n =5͒ and ϳ2 ps ͑n =6͒.
where more detailed recombination signals at early times are presented. One can see that there is a noticeable delay in the appearance of time-dependent signal. For n = 5 this delay is ϳ0.7 ps while for n = 6 it is ϳ2 ps. One consequence of the long recovery times observed for the larger clusters is that the very low recombination signals at early times preclude our conclusion that this delayed onset persists to larger cluster ions. However, there is no a priori reason to expect otherwise.
Due to the fact that both pump and probe laser pulses have the same wavelengths and comparable energies, the pump/probe signal in our experiment must have a symmetric shape about t = 0, although the unequal pump and probe intensities mean that the intensity for some t Ͻ 0 can be different from the corresponding t Ͼ 0 signal. Moreover, since time-independent background results from the two-photon absorption of either pump or probe radiation alone, this background doubles when pump and probe pulses overlap in time giving rise to a "coherence peak." This peak is used to determine the exact location of t =0.
As more CO 2 solvent molecules are added we obtain longer recombination times, in contrast to those measured for I 2 − ͑CO 2 ͒ n . 35, 37, 40, 73 The addition of just one more solvent molecule to IBr − ͑CO 2 ͒ 6 results in a very large change in the recombination time scale. Figure 6 shows the absorption recovery signal for IBr − ͑CO 2 ͒ 7 . A single-exponential fit of these data gives a time constant of 140± 20 ps. Increasing the cluster size to n = 8 and n = 10 results in slower recombination times. Figure 7 shows a single-exponential fit for n =8 and n = 10. Both cluster size sets are equally well represented by the same single-exponential rise. This fit yields a recombination time of 900± 300 ps, in good agreement with the previous estimate for n =8. 38 Due to very low intensity of the IBr − ͑CO 2 ͒ 10 parent cluster, the corresponding pump/probe signal is noisier than that of IBr − ͑CO 2 ͒ 8 . Attempts to obtain adequate intensities of larger clusters were, unfortunately, unsuccessful. As the behavior of these larger cluster ions would be an important test of the predictions of the simulations, we hope to be able soon to modify the ion source to afford production of larger cluster ions.
IV. DISCUSSION
The experimental results obtained in this study and presented in previous sections can be rationalized using a physical picture based on calculations 41 75 at an internuclear separation of ϳ4.5-5 Å ͑see Fig. 1͒ . Addition of asymmetrically placed solvent molecules increases the depth of this well until it reaches a maximum depth for IBr − ͑CO 2 ͒ 8 and changes its radial location ͑Fig. 3͒. According to our structure calculations, this is the most asymmetric solvent configuration, based on the solvent electric field at the center of the solute ion. In this solvent size range, the well depth is comparable to the binding energy of a single solvent molecule and could readily slow the evaporative cooling process, the mechanism whereby the recombined solute anion returns to near its initial energy. We will argue that this well is responsible for "trapping" the IBr − solute on the AЈ surface and leads to the slow recombination observed over a small range of partial solvation.
Nonadiabatic MD simulations of IBr − ͑CO 2 ͒ 5-13 were carried out to obtain the time dependence for the recombination process described above. All simulations used a time step of 1 fs, while the length of simulations ranged from 20 ps for IBr − ͑CO 2 ͒ 5 to 2000 ps for IBr − ͑CO 2 ͒ 10 , with ensemble sizes ranging from 35 trajectories for IBr − ͑CO 2 ͒ 10 to over 1700 for IBr − ͑CO 2 ͒ 5 . The ensembles of trajectories gave no indication for the necessity of a fitting form more complicated than the simple exponential form employed to fit the experimental data. Consequently, the MD simulations were summarized by a functional form consisting of a singleexponential fit to the fraction of total recombined trajectories over time. More detailed inspection of the individual trajectories in the MD simulations supports this mechanism of trapping on the AЈ excited state. The long recombination times appear to arise from the presence of a configurational transition state, where achieving a narrow range of solvent and solute geometry is necessary for nonadiabatic transition to the ground electronic state of the solute. The results of molecular dynamic simulations are shown in Fig. 8 in comparison to the experimental results. Although the simulations produce faster recombination times than those measured, by a factor of 3-5, they are in excellent qualitative agreement with experiment, with the exception of n = 10. The magnitude of the experimental error bars in Fig. 8 reflects the range of recombination times observed for each cluster size. The details of the simulations and the nature of the solvent-induced excited state trap will be explored more deeply in a future publication. 41 Finally, the simulations suggest that for clusters with n ജ 12 recombination time becomes short again ͑see n = 12, 13 in Fig. 8͒ . Experiments are currently underway to confirm this prediction. This would provide an important proof for the physical picture described in this section. The main challenge of the current experiment is the production of sufficient amounts of IBr − ͑CO 2 ͒ nജ10 clusters. In addition to the qualitative agreement between theoretical and experimental time scales, the simulations for clusters with 5 and 6 CO 2 molecules also display initial delays in product appearance similar to those observed in Fig. 5 . Although the exact origin of these delays is not completely clear, we assume that they reflect the time required for dissociation, nonadiabatic relaxation to the ground state, and partial vibrational relaxation, all in the absence of an excited state trap.
V. SUMMARY
Time-resolved experimental studies of the recombination of size-selected IBr − ͑CO 2 ͒ n anionic clusters following excitation to the AЈ 2 ⌸ 1/2 state were carried out using tandem time-of-flight mass spectrometry combined with an ultrafast laser system. The IBr − chromophore near-IR absorption recovery was observed and the time scales of the recombination were extracted from the experimental data. Recombination time scales exhibit very strong dependence on the number of solvent molecules. For clusters with n =5-7, recombination occurs on a picosecond time scale, similar to that of I 2 − ͑CO 2 ͒ n clusters. Clusters with 8 and 10 CO 2 molecules exhibit strikingly longer nanosecond time scales. Such changes in the recombination rates are explained in terms of the solvent-induced potential well that is especially deep for configurations involving solvent surrounding primarily the Br atom. Molecular dynamics simulations confirm this picture and are in excellent qualitative agreement with experimental data. The simulations predict an increase of the recombination rate for larger IBr − ͑CO 2 ͒ n ͑n Ͼ 12͒ cluster ions; experiments are currently in progress to test this conclusion. 
